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Abstract 

Morphine is a potent analgesic opioid used extensively for pain treatment. During the last decade, global consumption grew 
more than 4-fold. However, molecular mechanisms elicited by morphine are not totally understood. Thus, a growing literature 
indicates that there are additional actions to the analgesic effect. Previous studies about morphine and oxidative stress are 
controversial and used concentrations outside the range of clinical practice. Therefore, in this study, we hypothesized that a 
therapeutic concentration of morphine (1 u.M) would show a protective effect in a traditional model of oxidative stress. We 
exposed the C6 glioma cell line to hydrogen peroxide (H 2 0 2 ) and/or morphine for 24 h and evaluated cell viability, lipid 
peroxidation, and levels of sulfhydryl groups (an indicator of the redox state of the cell). Morphine did not prevent the decrease 
in cell viability provoked by H 2 0 2 but partially prevented lipid peroxidation caused by 0.0025% H 2 0 2 (a concentration allowing 
more than 90% cell viability). Interestingly, this opioid did not alter the increased levels of sulfhydryl groups produced by 
exposure to 0.0025% H 2 0 2 , opening the possibility that alternative molecular mechanisms (a direct scavenging activity or the 
inhibition of NAPDH oxidase) may explain the protective effect registered in the lipid peroxidation assay. Our results 
demonstrate, for the first time, that morphine in usual analgesic doses may contribute to minimizing oxidative stress in cells of 
glial origin. This study supports the importance of employing concentrations similar to those used in clinical practice for a better 
approximation between experimental models and the clinical setting. 
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Introduction 

Morphine is a potent analgesic opioid extensively used 
for pain treatment in diverse pathologies and clinical 
situations (cancer, neuropathic myalgia, emergencies, 
assisted ventilation, and anesthesia, among others). 
Although chronic treatment with opioid drugs leads to 
tolerance and dependence, morphine has proven to be 
one of the most potent and efficient analgesic drugs in 
clinical practice, becoming a major option for the treat- 
ment of moderately severe to severe pain. Thus, 
according to the most recent report of the International 
Narcotics Control Board of the United Nations (1), global 
consumption of morphine for medical and scientific 
purposes rose considerably during the period from 1992 
to 2011. During that time, morphine consumption grew 
more than 4-fold (from 10 to 42 tons) throughout the 
world. In Brazil, the consumption of this opioid also 
increased during the same period, reaching 106 defined 



daily doses for statistical purposes consumed per million 
inhabitants per day in 2009-2011 (1). 

However, the molecular mechanisms elicited by 
morphine are not totally understood. This molecule is 
able to activate a family of metabotropic receptors (u-, 8-, 
and K-type opioid receptors). Endogenous opioids are 
found in many structures of the central nervous system 
(CNS) and spinal cord (reviewed in Ref. 2). Classically, 
the analgesic effect of morphine is mainly attributed to u.- 
receptor activation, leading to an inhibition of calcium 
influx in presynaptic neurons and an increase in potas- 
sium conductance in postsynaptic neurons, among other 
effects. Additionally, opioid receptors are also localized in 
cells of glial origin, especially microglia and astrocytes (a 
feature preserved even in gliomas like the C6 cell line) 
where they may be involved in neurotrophism during 
development and under pathological conditions (3). 
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Interestingly, there is a growing literature supporting 
additional actions for morphine, as in the case of the role 
played by the opioid in oxidative stress (4-13). Oxidative 
stress is the disequilibrium between free radical genera- 
tion and elimination (a free radical is a very reactive 
molecule with an unpaired electron). This excess of free 
radicals [usually reactive oxygen species (ROS)] reacts 
with macromolecules (DNA, proteins, and lipids) as a 
molecular mechanism underlying many pathologies and 
physiological processes. Interaction with lipids is espe- 
cially deleterious for the membranes, triggering the self- 
propagated process of lipid peroxidation. To prevent the 
damage caused by ROS, cells rely on enzymatic [e.g., 
superoxide dismutase (SOD) or glutathione peroxidase 
(GPx)] and nonenzymatic antioxidant systems. Among 
the latter, glutathione stands out as a major scavenger 
molecule, representing the most common low molecular 
weight compound containing sulfhydryl groups in mam- 
malian cells (with levels as high as millimolar for the 
majority of cells) (14). Thus, the content of sulfhydryl 
groups can be considered an indicator of the redox state 
of the cell. 

Previous studies of the relationship between morphine 
and oxidative stress are not very abundant, and the 
results describing the pro-oxidant or antioxidant roles of 
the opioid are contradictory (4-13). 

In addition to that controversy, all of those studies 
used doses of morphine outside the therapeutic range 
used in clinical practice (i.e., plasma levels of 16-364 ng/ 
mL) (15) and, to date, no investigations have analyzed the 
effects of therapeutic concentrations of morphine in 
oxidative stress. 

Therefore, in this study, we hypothesized that a thera- 
peutic concentration of morphine (1 u.M) would show a 
protective effect in a traditional model of oxidative stress 
[exposure to hydrogen peroxide (H 2 0 2 )] in the C6 glioma 
cell line. 

Material and Methods 
Cell culture 

The rat glioma C6 cell line was purchased from 
American Type Culture Collection (ATCC, USA) and 
maintained at 37°C and 5% C0 2 in Dulbecco's modified 
Eagle's medium (DMEM) with 10% fetal bovine serum, 
100 U/mL penicillin, and 100 u-g/mL streptomycin. 
Approximately 1.5 x10 s cells were seeded and main- 
tained at 37°C for 24 h before exposure to H 2 0 2 and/or 
morphine. 

Treatment 

H 2 0 2 (30%) was diluted in DMEM to final concentra- 
tions of 0 to 0.005%. Morphine sulfate (10 mg/mL), kindly 
donated by Cristalia (Brazil), was also diluted in DMEM to 
1 u.M (285.34 ng/mL). The C6 cell line was then incubated 
with H 2 0 2 and/or morphine for 24 h. 



Cell viability 

Cell viability was assessed as previously described by 
Mosmann (16). After the treatment, cells were washed 
twice with phosphate-buffered saline (PBS) and incubated 
for 2 h with 5 mg/mL 4,5-dimethylthiazol bromide diphen- 
yltetrazolium (MTT). Absorbance of the samples was 
measured at 570 nm and cell viability is reported as the 
percentage of reduced MTT compared to that of the 
control group. 

Assay of lipid peroxidation 

Lipid peroxidation was evaluated by measuring mal- 
ondialdehyde (MDA) levels as described elsewhere (17). 
Briefly, after treatment, cells were homogenized in a 
solution containing 0.1% thiobarbituric acid, 0.25 M HCI, 
and 1 5% trichloroacetic acid. Samples were then incubated 
for 15 min at 70°C. Finally, absorbance was measured at 
535 mm and compared to that of standard concentrations 
of MDA. 

Assay of sulfhydryl groups 

Levels of compounds containing sulfhydryl groups 
were assayed by the method described by Ellman (18) 
using the selective reaction of these groups with 5,5'- 
dithio-bis(2-nitrobenzoic acid (DTNB or Ellman's reagent). 
Treated cells were homogenized in ice-cold PBS with 
1 mM EDTA and 0.1% sodium dodecyl sulfate and 
centrifuged for 5 min at 750 g. Supernatants were treated 
for 5 min with 5 mM DTNB and absorbance was 
evaluated at 412 nm. 

Assay of protein content 

Protein quantities in the samples were assayed using 
the method described by Bradford in 1976 (19). Thus, 
after correcting for protein concentration, the results of 
lipid peroxidation and sulfhydryl groups are reported as 
percentages of the control group values. 

Assay of direct scavenging activity of H 2 0 2 molecules 

To evaluate the possibility of direct scavenging of 
H 2 0 2 by morphine, the protocol described by Gulcin et al. 
(5) was carried out. Briefly, morphine (1-100 uM) was 
added to a solution of 4 mM H 2 0 2 in PBS. After 10 min, 
absorbance was measured at 230 nm and the percentage 
of scavenged H 2 0 2 was calculated according to the 
following formula: percent scavenged H 2 O 2 = [(A 0 -A 1 )/ 
A 0 ] x 100, where A 0 is the absorbance of the control group 
and Ai is the absorbance in the presence of morphine. 

Statistical analysis 

Statistical analysis was performed using the BIOESTAT 
5.0 software (Brazil; http://www.mamiraua.org.br/pt-br/ 
downloads/programas/). Initially, the Gaussian distribution 
of the data was tested by the Kolmorov-Smirnoff method 
with P<0.05 considered to be significant. Subsequently, all 
groups were analyzed with ANOVA and the Tukey post hoc 
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Concentration of H 2 0 2 

Figure 1. Cell viability of C6 cell line exposed to increasing 
concentrations of hydrogen peroxide (H 2 0 2 ) and/or 1 liM 
morphine for 24 h. Data are reported as means ±SE. No 
significant differences were detected in groups incubated with 
the same concentration of H 2 0 2 (ANOVA). 

test, when appropriate. Values of P<0.05 were considered 
to be statistically significant. 

Results 

Cell viability 

Exposure to increasing concentrations of H 2 0 2 
reduced cell viability of the C6 cell line in a concentration- 
dependent manner (Figure 1). No significant changes in 
C6 cultures were detected when cells were incubated with 
1 to 10 liM morphine (data not shown). Cotreatment with 
1 uM morphine did not show significant differences in 
viability when compared with that of cells incubated only 
with H 2 0 2 . For subsequent experiments, a concentration 
of 0.0025% H 2 0 2 (approximately 735 uM) was chosen, 
allowing more than 90% cell viability. 

Lipid peroxidation 

Incubation of cells with 0.0025% H 2 0 2 raised the level 
of lipid peroxidation more than three times that of the 
control group (Figure 2). Interestingly, morphine partially 
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protected the cells, avoiding 44% of this increase. 

Levels of sulfhydryl groups 

In all cases, exposure to 0.0025% H 2 0 2 enhanced the 
levels of compounds containing sulfhydryl groups in the 
C6 cells by about 20% (Figure 3). However, cotreatment 
with morphine did not prevent this increase, and no 
significant differences were detected between cells 
treated with H 2 0 2 and those cotreated with morphine. 

Scavenging activity of H 2 0 2 molecules 

Morphine at 1 and 1 0 u.M concentrations did not change 
the levels of H 2 0 2 (Figure 3, insert). Interestingly, 100 uM 
morphine was able to significantly scavenge (about 26.5%) 
these molecules in vitro. 

Discussion 

This study showed, for the first time, that a therapeutic 
concentration of morphine significantly reduced oxidative 
stress in cells of glial origin exposed to H 2 0 2 (Figures 1 
and 2). 

The concentration of the opioid used in the present 
study (1 uM or 285.34 ng/mL) is near the upper limit of 
human therapeutic concentrations. For example, patients 
with chronic treatment for pain management usually show 
plasma levels of morphine ranging from 16 to 364 ng/mL 
(15). The relatively high liposolubility of morphine allows it 
to easily cross the blood-brain barrier, making the levels 
of the opioid in nervous tissue very similar to those found 
in the blood. 

In addition, this concentration (or 10 times higher) did 
not affect the viability of the C6 cells (data not shown). 
This fact was in agreement with results previously 
described, in which human fetal astrocytes exposed to 
1 uM morphine did not develop apoptotic processes such 
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Figure 2. Lipid peroxidation of C6 cell line exposed to 0.0025% 
hydrogen peroxide (H 2 0 2 ) and/or 1 liM morphine for 24 h. Data 
are reported as means ±SE. *P<0.05 vs control and morphine 
groups; *P<0.05 vs peroxide group (ANOVA and Tukey test). 



Morphine + 
Peroxide 

Figure 3. Content of sulfhydryl groups in the C6 cell line exposed to 
0.0025% hydrogen peroxide (H 2 0 2 ) and/or 1 liM morphine for 24 h. 
The insert shows levels of scavenged H 2 0 2 in vitro in the presence 
of 1-100 liM morphine. Data are reported as means ±SE. *P<0.05 
vs all groups (ANOVA and Tukey test). 
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as those found in neurons and microglia exposed to the 
same concentration of the opioid (20). 

Exposure to H 2 0 2 is a traditional model of oxidative 
stress for cells of CNS origin. In our study, the concentration- 
response curve fitted to a sigmoid curve was designed to 
calculate the 50% lethal concentration value (0.0032%) 
characterizing the toxicity of H 2 0 2 for the C6 cell line 
(Figure 1). Taking into account the cell viability data, a 
concentration of H 2 0 2 (0.0025%) allowing more than 90% 
viable cells after 24 h of incubation was selected for all 
subsequent experiments. 

This latter concentration of H 2 0 2 did not affect cell 
viability when compared with that of the control group 
(Figure 1), but provoked a significant increase in levels of 
lipid peroxidation (Figure 2). Treatment with morphine 
reduced this increase by 44%, showing a significant 
antioxidant activity with a therapeutic dose. 

Previous studies with morphine that have analyzed 
markers of oxidative stress are not very common, and the 
role attributed to the opioid remains, at the very least, 
controversial. 

Studies indicating a pro-oxidant activity of morphine 
used high doses and/or evaluated oxidative stress as a 
mechanism associated with tolerance and/or dependence 
on the opioid (7,9,11-13). Exposure to increased concen- 
trations of morphine (as high as 6 mM) has already been 
used as a model of neuronal damage by oxidative stress 
in both in vivo and in vitro studies (including the C6 cell 
line) (7,11-13). Morphine intoxication decreased the 
activity of antioxidant enzymes (SOD and GPx, among 
others) and induced apoptosis and glial activation. Glial 
activation closely associated with oxidative stress was 
also observed in opioid tolerance/dependence (9) with 
increased levels of lipid peroxidation and reduced levels 
of glutathione. Nevertheless, the doses of morphine 
included in those studies were much higher than those 
usually used in humans for therapeutic treatment of pain. 

On the other hand, a number of studies using lower 
concentrations of morphine (but still outside the thera- 
peutic range) show a possible antioxidant role for the 
opioid (4-6,8,10). Indeed, primary cultures (neurons and/ 
or glial cells) and cell lines such as SHSY5Y (derived from 
a human neuroblastoma cell line) and C6 were protected 
by the opioid in models of neurotoxicity produced by 
peroxynitrite donors, glutamate, lipopolysaccharide (LPS), 
and 1-methyl-4-phenylpyridinium incubation (4,6,8). 

Therefore, our hypothesis is that high doses of 
morphine may be pro-oxidative, but therapeutic doses, 
such as that used in this study, would have a significant 
antioxidant effect (especially in glia). 

One interesting observation is that the antioxidant 
effects of morphine in previous studies were registered in 
isolated structures (mitochondria), in the presence of 
antagonists of opioid receptors or also for the synthetic 
enantiomer d-morphine (which does not bind to the \i- 
opioid receptor), demonstrating that the antioxidant 



activity of morphine is independent of opioid receptors 
(4,6,8). Reinforcing this idea, selective ligands for p.-, 8-, 
and K-type opioid receptors did not show any of the neuro- 
protective effects of morphine (4,6). 

In those studies, morphine reduced DNA fragmenta- 
tion, stabilized mitochondrial permeability and function, 
inhibited microglial activation, and recovered glutathione 
levels (4,6,8,10). Detection of alterations in glutathione 
levels with morphine treatment is frequent even at higher 
concentrations of the opioid (7,9,12,13) and can be 
evaluated by the quantitation of levels of sulfhydryl 
groups. Reduced glutathione is the major intracellular 
compound containing these groups. 

Surprisingly, our results about possible molecular 
mechanisms of this antioxidant effect of morphine showed 
that protection against lipid peroxidation (Figure 2) was 
independent of both a possible influence of the levels of 
sulfhydryl groups (morphine did not reduce the levels 
increased by H 2 0 2 ) and a significant scavenger effect of 
H 2 0 2 molecules with a 1 uM concentration of the opioid 
(Figure 3). Although no scavenging activity by morphine 
was shown with a 1 u.M concentration, a significant 
decrease in H 2 0 2 molecules was detected with higher 
concentrations of the opioid, similar to that reported 
previously (5). Additionally, a strong scavenging activity of 
morphine with compounds other than H 2 0 2 has already 
been reported (4,5). Thus, an alternative molecular 
mechanism to explain the protection exerted by the opioid 
could be that of a direct scavenger effect of free radicals 
other than H 2 0 2 molecules. 

Nevertheless, other mechanisms must not be dis- 
carded. The research of Qian et al. (8) showed that 
morphine was not capable of protecting primary cultures 
(neurons and glial cells) from mice deficient in the 
catalytic subunit of NADPH oxidase (a key enzyme 
required for the production of ROS) against LPS incuba- 
tion, demonstrating the importance of this enzyme in the 
protective effect of the opioid. Also, morphine attenuated 
the translocation of a cytosolic component of NADPH 
oxidase (p47 phox ) to the cell membrane, a process 
necessary for assembling into an ative enzyme. 
Considering these results, the authors pointed to inhibition 
of NADPH oxidase as an essential molecular mechanism 
for the effect of morphine (8). Thus, reduced activity of this 
enzyme could be another possible explanation for the 
antioxidant effect of morphine found in our study. Additional 
studies must be carried out to elucidate the exact molecular 
mechanism underlying these effects. 

This is the first study to analyze the effects of a thera- 
peutic concentration of morphine in an in vitro model of 
oxidative stress. Our results demonstrated that morphine, 
in usual analgesic doses, may contribute to minimizing 
oxidative stress in glial cells. More studies employing 
concentrations similar to those used in clinical practice are 
necessary for a better understanding of the applicability of 
experimental models to the clinical setting. 
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